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| A recent analysis of 12 statistical and dynamical models used for El Niño predictions finds that at the long (1-2 yr) and even medium (6-11 months) ranges there were "no models that provided useful and skillful forecasts for the entirety of the 1997/98 El Niño" (Landsea and Knaff 2000) . Most of the models were wrong in predicting the timing of the onset and/or demise of El Niño, and unable to predict the full duration and even one-half of the actual amplitude of the event. An earlier study by Barnston et al. (1999) reached similarly discouraging conclusions. Regarding El Niño of 2002, the forecasts again cover a very broad spectrum of possibilities (Kirtman 2002) . Why is it so difficult to predict El Niño? How predictable is this phenomenon?
There is agreement that the continual Southern Oscillation-El Niño in its warm phase-depends on ocean-atmosphere interactions that amount to a positive feedback. (The winds induce sea surface temperature patterns that in turn affect the winds.) The intensity of the feedbacks is a matter of considerable debate. Figure 1 shows a range of possibilities, from a strongly damped oscillation (Fig. 1a) , to a self-sustaining and approximately linear oscillation (Fig. 1b) to an oscillation that is so unstable that nonlinearities introduce irregularities (Fig. 1c) . In the latter case, instabilities amplify errors in the initial conditions and thus limit predictability. If reality were to correspond to this parameter range then the predictability of El Niño would be similar to the predictability of weather. An appropriate approach is then an ensemble of calculations, each one starting from a slightly different initial condition. Cane et al. (1986) , Zebiak and Cane (1987) , Zebiak (1989) , Tziperman et al. (1995) , and others explore this range of parameters. Figure 1a shows a very different range of parameters, that of a highly damped oscillation. Now random atmospheric disturbances are always responsible for initiating developments. Predictability is once again very limited, not because of errors in initial conditions as in the case of weather, but rather because of the random disturbances. (Penland and Sardeshmukh 1995; Penland 1996 ; Thompson and Battisti 2000, 2001 , explore this parameter range.) To insist that westerly wind bursts, which occur at ran-JULY 2003 | dom times, are always responsible for the initiation of El Niño, is to claim that the Southern Oscillation is strongly damped, as in Fig. 1a .
Different models yield different forecasts (e.g., for El Niño of 1997 and 2002) because El Niño is damped in some of the models, and is highly unstable in others. (For a comprehensive list of references to studies earlier than 1998 see the special issue of the Journal of Geophysical Research, June 1998, Vol. 103, no. C7, which is devoted to a series of articles that review different aspects of El Niño.) To make progress we have to determine which of the panels in Fig. 1 corresponds to reality, and we then have to develop models that capture that particular parameter range. At present the realistic range of parameters is a topic of considerable debate (e.g., Latif et al. 1998; Chang et al. 1996) but there is growing evidence that conditions in the Pacific, for the past few decades, correspond to neither of the extremes shown in Figs. 1a, c. If Fig. 1a were appropriate so that El Niño appears in response to westerly wind bursts, then it is difficult to explain why westerly wind bursts excite El Niño on some occasions but not others, and why El Niño is associated with a distinctive timescale of 5 yr since 1982. If, on the other hand, Fig. 1c is appropriate, then the distinctive timescale is explained, but the role of westerly wind bursts is problematic. Each of these extreme cases explains some, but not all of the features that are observed. It is therefore reasonable to explore whether a compromise between the extremes is feasible, whether the appropriate panel in Fig. 1 is somewhere between Figs. 1a and 1b. A growing body of evidence that supports this possibility comes from a variety of modeling studies. Some concern stability analyses of ocean-atmosphere interactions; others force coupled ocean-atmosphere models with the observed "atmospheric noise" to determine under what conditions the spectrum of the observed Southern Oscillation can be reproduced (Neelin et al. 1998; Kirtman and Schopf 1998; Thompson and Battisti 2000, 2001; Fedorov and Philander 2000, 2001; Chang et al. 1996; Eckert and Latif 1997; Blanke et al. 1997; Roulston and Neelin 2000) .
These results suggest that a useful analogy for the Southern Oscillation (but one of limited validity) is a slightly damped, swinging pendulum sustained by modest blows at random times. In the absence of noise, El Niño would be perfectly predictable because the Southern Oscillation would be perfectly periodic while its amplitude slowly attenuates. Noise sustains the oscillation and makes it irregular. Although predictability is now relatively insensitive to errors in initial conditions-the instabilities are too weak to amplify those errors-the initial conditions do matter because they describe the phase of the Southern Os- | cillation and strongly influence the impact of random disturbances. For example, a burst of westerly winds when the oscillation enters its El Niño phase is very different from the impact of the same winds when the oscillation enters its La Niña phase. A westerly wind burst during La Niña can diminish the amplitude of the subsequent El Niño; one that occurs as El Niño is developing can accelerate that development and amplify the event; one after the peak of El Niño will merely prolong its duration (Fedorov 2002) .
Thus, predictions for a specific period depend critically on information about the phase of the Southern Oscillation at the start of that period. This means that developments at a certain time depend on two sets of phenomena with very different timescales. The Southern Oscillation, a natural mode of the coupled ocean-atmosphere, has a period of several years. To determine its phase, the available data have to be lowpass filtered. In the next section we introduce phase diagrams, based on the energetics of the Southern Oscillation, that effectively provide the required information. Next it is necessary to turn to the short timescales, of days and weeks, of the random disturbances. (Various aspects of the connection between interannual and intraseasonal variability have been explored in studies such as those of Lau 1986; Lau and Chan 1988; Lau and Shen 1988; Hendon et al. 1998; Vecchi and Harrison 2000; Kessler and Kleeman 2000; Zhang et al. 2001; Fedorov 2002 ; and many others). The short-term response to these disturbances can correspond to nonnormal modes whose structure depends on the initial state and on the structure of the disturbance (Moore and Kleeman 1997, 1999a,b) . Here in the section titled "Probabilistic Prediction of El Niño," we assume that we have information about the statistics of the random atmospheric disturbances. We then make an ensemble of runs that differ, not in initial conditions as in the case of weather forecasts, but in the atmospheric noise that is superimposed as the calculations proceed. Each member of the ensemble has a different realization of the noise. The goal is not to make an actual prediction, but to introduce and demonstrate methods and tools for forecasts.
One of our main results is that, although Landsea and Knaff (2000) and Barnson et al. (1999) assessed the predictions of El Niño of 1997/98 fairly, the real problem with those predictions was the manner in which they were presented. Most were presented as deterministic forecasts that described only one of several possibilities. We argue that the exceptionally large amplitude of El Niño in 1997/98 could not have been anticipated far in advance because it depended on the unusual occurrence of a succession of westerly wind bursts (McPhaden and Yu 1999; Lagerloef et al. 1999; Perigaud and Cassou 2000; Vecchi and Harrison 2000; Villard et al. 2001; Boulanger et al. 2001 ). To cope with such possibilities, it is best to present probabilistic forecasts. This paper explores the prediction of a specific episode in terms of a probability distribution function, by means of an ensemble of runs.
THE ENERGETICS OF THE OCEAN-ATMOSPHERE INTERACTIONS.
Consider an undamped pendulum swinging back and forth in a perfectly periodic, sinusoidal manner. Such a simple system can be described in terms of potential energy P and its time derivative dP/dt. In a phase diagram that has as its axes nondimensionalized dP/dt and P, the motion of the pendulum corresponds to a perfect circle. In the presence of dissipation, the circle becomes a gradual spiral into the origin. The coupled ocean-atmosphere system is of course far more complex than a simple pendulum. Nonetheless, under certain conditions-those of Fig. 1b -that system is capable of perfectly periodic oscillations analogous, to some degree, to the motion of such a pendulum. The analogy is based on the energetics of the Southern Oscillation, which amount to the approximate equation
which relates E, the perturbation available potential energy of the tropical Pacific Ocean, and W, the work done on that ocean by the winds, per unit time. 1 Sea surface temperatures in the eastern tropical Pacific are highly anticorrelated with E (which measures the slope of the thermocline) so that negative values of E correspond to El Niño conditions, and positive values to La Niña conditions. [For a more detailed discussion of the energetics, and for definitions of the different variables see Goddard and Philander (2000) and the appendix]. Because the Southern Oscillation, in reality, is irregular there should be departures from Eq. (1), departures that ought to shed light on the processes that cause the irregularities. This means that a study of the energetics can help us resolve the debate about which panel in Fig. 1 corresponds to reality, and can therefore shed light on the predictability of El Niño. It is of interest to note that the latent heat lost by the ocean to the atmosphere, although of criti-| cal importance to the atmosphere, is of secondary importance to the energetics of the ocean. Variations in the kinetic energy of the oceanic currents are similarly of minor importance. If these factors were truly negligible and Eq. (1) were precise then variations in W should lead those in E by a quarter period-on the order of a year.
The departures from the balance in Eq.
(1) can be quantified by calculating the correlation between E and W. Ideally the calculations would be based on oceanic measurements assimilated into a realistic oceanic GCM, the way atmospheric datasets are generated for analyses of the dynamics and energetics of the atmosphere. Here we use data from a realistic ocean general circulation model similar to the one used by Goddard and Philander (2000) . The winds forcing the model are obtained by matching the Comprehensive Ocean-Atmosphere Data Set (COADS) wind data (before 1993) and modified winds from the National Centers for Environmental Prediction (NCEP) reanalyses for the years since 1993. The domain for calculations of E and W is 15°S-15°N and 130°E-80°W. The data obtained from this model indicate that the correlation between E and W, in the interannual frequency band, has a maximum value of 0.8 for E lagging W by about 8 months. This lag is clearly evident in Fig. 2 and implies 
The imperfect correlation between W and E is one measure of the degree to which the energetics of the observed Southern Oscillation depart from Eq. (1). Another measure is available in Fig. 3 , which shows variations in E and W relative to their time-averaged values for the period 1980-2000. Striking features of Fig. 3 are the spirals, all consistently anticlockwise. If we start from the years of an intense El Niño, that of 1982 or 1997 say, then the spirals are convergent, implying a damped oscillation. The decay time of the Southern Oscillation is estimated to be on the order of 10 yr. On a few striking occasions, the spirals in Fig. 3 uncoil-leading up to the very intense El Niño episodes of 1982 and 1997, for example. Westerly wind bursts-the red portions of the curves indicate their timing-are seen to contribute significantly to those developments. On other occasions the bursts have little or no effect. [Note that westerly wind bursts that lead to ocean-atmosphere interactions and hence contribute to the development of El Niño are difficult to separate from the wind relaxation associated with El Niño, see Fedorov (2002) ]. The causes of westerly wind bursts, and their relation to the Madden-Julian Oscillation (e.g., Madden and Julian 1994; Slingo et al. 1999; Hendon et al. 1999; Vecchi and Harrison 2000; or to northerly surges from the extratropics (e.g., Yu and Reinecker 1998; Yu et al. 2002) are still being debated.
A striking feature of Fig. 3 is how orderly the trajectories are. If we were dealing with a high unstable phenomenon, similar to weather, then we could expect chaotic trajectories. At the other extreme, if we were dealing with a highly damped system, then the trajectory would spend most of its time at the origin and would venture away briefly during El Niño, returning promptly to the origin. Thus, Fig. 3 indicates that the appropriate parameter range for the observed Southern Oscillation is neither Fig. 1a nor Fig. 1c . It appears that the oscillation is slightly damped and is sustained by modest disturbances (i.e., it is between Figs. 1a and 1b) .
Given how important westerly wind bursts and other atmospheric disturbances are to the development of El Niño, how predictable is that phenomenon? The phase diagrams of Fig. 3 , divided into four quadrants (I, II, III, IV), shed light on this question. The trajectories in Fig. 3 are always counterclockwise, and normally pass through all four quadrants to complete a cycle. El Niño conditions, because they correspond to the lower parts of quadrants I and II, are least likely when the oceanic state is in quadrant III; at such times we can confidently state that El Niño will not occur. Conditions are most uncertain, and the development of El Niño is most dependent on westerly wind bursts, in quadrant IV. (Some coupled general circulation models that simulate a Southern Oscillation predict a new El Niño event every time the system is in quadrant IV.) Since a complete cycle takes a fixed time, the longer the system stays in quadrant IV, the more probable El Niño becomes.
When the system spends considerable time close to the origin in Fig. 3 -that was the case in the early 1990s-then the predictability of El Niño (or of any future developments) is very low. On the other hand, when the trajectory is far from the origin in quadrant I, then El Niño conditions are certain and after a while inevitably will give way to La Niña conditions as the trajectory moves through quadrants II and III. A public alert of a developing El Niño was sounded (in the press and on television) in June 1997. At that time the trajectory was deep in quadrant I, so that developments over the next several months could be anticipated with reasonable certainty.
The impact of a wind burst on El Niño depends not only on its timing and duration, but also on its intensity and spatial structure, which may cause subsequent developments to correspond to the evolution of a "nonnormal mode" (associated with a fast transient growth or singular vectors) rather than the gravest normal mode (e.g., Penland and Sardeshmukh 1995; Penland 1996; Xue et al. 1997a,b; Moore and Kleeman 1997, 1999a,b) . It is plausible that the eastward propagation of thermocline and wind disturbances during El Niño of 1982 and 1997 can be interpreted as the rapid nonnormal development over the brief period of approximately a year, in contrast to the much longer period of 5 yr for a complete oscillation (the normal mode). This is consistent with the results of Thompson and Battisti (2000, 2001) who use a linearized version of the Cane-Zebiak model with stochastic forcing and argue that the greatest part of the variability in the model comes from perturbations that project onto the first singular vector, and then grow rapidly.
In Fig. 3 , the seasonal cycle appears as the movements back and forth between quadrants III and IV.
[The seasonal cycle involves only modest movements | of the thermocline, in comparison with El Niño, so that E does not change significantly. The interaction between the annual cycle and the Southern Oscillation appears to be another cause of El Niño irregularity, see Chang et al. (1994) ; Tziperman et al. (1995) ; Jin et al. (1996) .] The seasonal cycle is prominent in quadrants III and IV, which we associate with La Niña, because the shallow thermocline during La Niña favors a large amplitude for the seasonal cycle (Gu and Philander 1995) . El Niño starts to develop in quadrant IV and therefore tends to do so only at a certain phase of the annual cycle, giving the impression of phase locking to the annual cycle. For the purpose of predicting El Niño it would be useful to filter out the seasonal cycle completely. This, however, is problematic because of the skewness of the Southern Oscillation. For example, the warm conditions of El Niño persisted for about a year in 1982 and in 1997, and were then followed by almost 4 yr of cold La Niña conditions before El Niño returned. (The nonlinear mechanisms that give rise to this skewness have not yet been identified.) If we were to minimize the seasonal cycle by averaging over a year, then we lose the ability to make short-term forecasts. During 2001 conditions in the tropical Pacific moved from quadrant IV toward III and back toward IV as part of the seasonal cycle. The stage was set for El Niño to develop during 2002, but predicting the intensity of the event is difficult because it is not known whether or not westerly wind bursts will matter.
PROBABILISTIC PREDICTION OF EL NIÑO.
If the Southern Oscillation is indeed slightly damped and is sustained by random disturbances then predictions ought to be probabilistic, on the basis of an ensemble of forecasts. Such an approach has been explored by means of coupled general circulation models. The members of the ensemble differ in the initial conditions from which the forecasts start. They also differ from each other in another respect: the models generate their own atmospheric noise, which changes from one ensemble member to the next. At present the results are of very limited usefulness because none of the models reproduces a realistic Southern Oscillation (Latif et al. 2001) , and because the atmospheric noise generated by these models is not very realistic.
The difficulties with the coupled GCMs just mentioned can be bypassed by using simpler coupled models that are tuned to be in the appropriate parameter range, and by adding to their noise-free atmospheric components the observed noise. This can be done by subtracting, from a standard wind datasetthat from The Florida State University (Stricherz et al. 1997) , for example-the deterministic part of the wind field that is correlated with sea surface temperature changes in the tropical Pacific. A shortcoming of this approach is that it ignores that a certain part of the random wind fluctuations merits special attention. We are referring to the westerly wind bursts that sporadically appear near the date line in the equatorial Pacific and that are capable of having an exceptionally strong influence on subsequent developments. That may have happened in 1997, for example. To take the special importance of these winds into account we took zonal wind data for the period 1980-2000 for the location around 160°W on the equator and generated atmospheric "noise," with similar statistics, in the following manner. The spatial structure of the winds is assumed to be a Gaussian shape, centered on the equator, with e-folding half-widths of 20°l ongitude and 7° latitude. The winds are multiplied by a time-dependent factor that yields an evolving red noise process with a mean of zero, a standard deviation of 2 m s
, and a decorrelation time of 1 week. (This noise serves for conceptual purposes only. For actual forecasts, the statistics should include seasonal dependence, the dependence on the phase of the Southern Oscillation, etc.)
Given different realizations of the atmospheric noise, we then make an ensemble of predictions with a coupled ocean-atmosphere model, with all the calculations starting from the same initial conditions, each with its own superimposed atmospheric noise. [Eckert and Latif (1997) use a similar approach to study stochastic properties of a hybrid coupled model of the tropical ocean-atmosphere, while Moore and Kleeman (1998) investigate the relation between the skill of an ensemble of ENSO forecasts and the ensemble spread in an intermediate coupled model.] A forecast of the type shown in Fig. 4 can then be prepared on the basis of such an ensemble of forecasts-200 for this example (for details see Wittenberg 2002 ). The coupled model used to obtain the results of Fig. 4 is a modified version of the one developed by Zebiak and Cane (1987) , configured in such a manner that the spontaneous Southern Oscillation is slightly damped and has a period of 4 yr. The model has been simplified by omitting the effects of the seasonal cycle, meridional asymmetry, and nonlinearities associated with atmospheric convection. This model has some unrealistic features but, for the purpose of this paper-exploring the type of forecasts appropriate for El Niño-the model has the enormous advantage of requiring very modest computer resources, thus permitting a large ensemble of predictions.
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The predictions shown in Fig. 4 all start at the transition from La Niña to El Niño, when the temperature anomaly in the western equatorial Pacific is close to zero. In Fig. 4 , the dashed line shows how sea surface temperature anomalies in the eastern equatorial Pacific-departures from the expected seasonal value-would evolve in the absence of the noise. The heavy solid line in Fig. 4 is one example of how noise can affect that evolution. The light contours show the fraction of the forecasts that indicate temperatures colder than a certain value. The colors in the figure, which in effect show how the forecasts are distributed, indicate how the probability distribution function for the temperature anomalies changes (widens) with time. Initially this function has a sharp peak (the red region) but it becomes relatively flat after approximately 18 months. That, presumably, is the limit of predictability for the chosen initial conditions, and for the chosen noise. Note that, at the peak of a strong El Niño event, predictability may be higher than indicated here; it will be lower when the values of E and W are close to zero.
CONCLUSIONS.
Thus far, attempts to forecast El Niño have not been very successful (Landsea and Knaff 2000; Barnston et al. 1999) . However, the factors that cause the irregularity of the Southern Oscillation-random atmospheric disturbances whose influence depends on the phase of the oscillation-are such that the predictability of specific El Niño events is inevitably limited. That is especially true of the intensity of El Niño. For example, the occurrence of an event in 1997 was predictable on the basis of information about the phase of the Southern Oscillation, but the amplitude of the event could not have been anticipated because it depended on the appearance of several wind bursts in rapid succession. (This is a rare event that happened in 1982 and again in 1997.) Given that deterministic predictions are bound to be unreliable, it is preferable to make probabilistic forecasts on the basis of an ensemble of forecasts. The format of Fig. 4 is one way in which the results can be presented.
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APPENDIX: CALCULATION OF E AND W.
The values of E and W can be calculated (Goddard and Philander 2000) as (A1) and (A2) where ρ = ρ (x,y,z,t) is the density field minus the reference density ρ 8(z) that corresponds to the static stability, ρ 8 z is the vertical gradient of the reference density, u and τ are the zonal near-surface current and the zonal wind stress, respectively. The bars indicate mean (climatological) values. The domain for integration in x and y is 15°S-15°N and 130°E-80°W. The depth range for integration in z in (A1) 
